The femtosecond photoisomerization processes of trans (T) 4-carboxy-2',6'-dimethylazobenzen, which has been employed recently as an efficient photoregulator of DNA hybridization, were clarified by the rate equation 
yield  T,C =0.094. The latter value is slightly lower than that of T-azobenzene, and
Introduction
Recently, various photosensitive DNAs involving azobenzene (Az) compounds have been investigated for effective photoregulation of DNA hybridization, and it has been found that 4-carboxy-2',6'-dimethylazobenzene (AzD: Fig. 1 ) is one of the most effective photoregulator with the highest thermal stability of the cis (C)-form [1, 2] .
Trans (T)-to-C isomerization of the AzD is induced by ultraviolet (UV: wavelength =300~380 nm) lamp irradiation (S 2 -band excitation) for several minutes, so that the dissociation of AzD-bound DNA duplexes is photoregulated. While, by visible (=400~500 nm) lamp irradiation (S 1 -band excitation) C-to-T isomerization is induced, so that the formation of AzD-bound DNA duplexes is photoregulated. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   3 unknown except for our study of the C-AzD compound [3] , although, for Az related compounds, extensive studies for clarification of ultrafast photoisomerization mechanisms such as rotation, inversion and concerted inversion processes have been carried out [4] [5] [6] [7] .
On the other hand, recently selective quantum control of photoisomerization processes of organic (e.g. stilbene [8] ) and biological molecules (e.g. rhodopsin [9] )
has been demonstrated using a femtosecond optical-pulse shaping technique [10] . We believe that the application of this technique by shaped pulse excitation of a single shot for the above mentioned DNA-photoregulation processes offers a new tool for the biotechnology and DNA-nanotechnology [11] . This is because its instant efficient control technique may enable us to manipulate quasi-simultaneously and site-selectively biomolecular functions at many local desired points of a high order molecular-structure system. For this purpose, it is necessary to reveal the ultrafast photoisomerization processes of the newly synthesized photoregulation molecule AzD.
Particularly, it is important to shed light on the photoisomerization single-shot efficiency. In this paper, for the T-AzD solution we characterize the photoisomerization rate , TC  per femtosecond pump pulse (the ratio of the number of photoproduct isomer molecules to that of reactant isomer molecules per pump pulse) based on clarification of the electronic excited-state dynamics. Furthermore, we determine the quantum yield  T,C of photoisomerization from the femtosecond signal of the transient absorbance change, which shows an excellent agreement with the result obtained independently by the technique using a photostationary state under 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 4 CW lamp irradiation [12] . Our research aim is different from a lot of studies for Az and related molecules [4] [5] [6] [7] , where the relation between S 1 or S 2 band excitation and photoisomerization mechanisms of the rotation, inversion and concerted inversion processes has been investigated.
Experimental

Sample solution
AzD was synthesized and purified according to refs. [1, 2] . The spectroscopy-grade ethanol (Tokyo Kasei Co.) was employed as the solvent. The pure T-AzD solution (5×10 -3 mol/L) as an initial state of the sample was prepared by the 400-500 nm lamp irradiation (a 500-W Hg lamp with filters) for 10 hours at 90 °C to establish a photostationary T-form. Similarly, the pure C-AzD solution was prepared by the 330-360 nm lamp irradiation for 3 hours at room temperature to establish a photostationary C-form. Those purities were confirmed by NMR spectroscopy and the measurement of the absorption spectrum ( Fig. 1) for the T-AzD solution (more than 98% T-form) and the C-AzD solution (more than 90% C-form). The vertical axis in Fig. 1 is denoted by the corresponding absorption cross section  m (m=T or C). The half-life time of the thermal isomerization of the C-AzD solution is ~10 hours at even 60 °C, indicating the excellent thermal stability of the ten times larger than that of the C-Az solution [1, 2] .
In the femtosecond transient absorption measurement, we paid much attention to always keep AzD the T-form as an initial state at each pump pulse (the 1-kHz repetition rate) for accurate characterization of the photoisomerization rate  T,C per   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   5 pump pulse, as follows: the solution was pumped through two different cells in a closed circulation flow system during the pump-probe experiment. The first 100-m cell was used for the establishment of a photostationary form of the desired isomer by exposing the cell to the incoherent light with the corresponding spectral range from 400 to 500 nm for the T-isomer. The second cell with an optical path length d of 1 mm was used for the transient absorption measurement. The flow rate of the AzD solution in the second cell was high enough to exchange the volume excited by the femtosecond pulse between successive excitation.
Femtosecond transient absorption experiment and CW experiment
Under the sample condition mentioned in the previous subsection, when the 360 nm femtosecond pulse pumps the T-AzD solution at a 1-kHz repetition rate, only T-to-C to dominantly isomerize to the C-form even for the AzD solution of the T-and Cmixture state [1, 2] . While the 400 to 500 nm CW irradiation (S 1 -band excitation) dominantly isomerizes to the T-form for the T-and C-mixture solution, suggesting that S 1 -band excitation for the T solution does not effectively isomerize to the C-form.
The femtosecond transient absorption measurement was carried out using the wavelength-tunable optical source based on Ti-sapphire laser-amplifier pulses (30 fs, 800 nm, 2.5 mJ) at a 1-kHz repetition rate [3] : after the amplified pulses were input to an Ar-filled hollow fiber for a spectral broadening by self-phase modulation, the chirped output pulses were compensated for by visible chirped mirrors. The compensated beam was split into two beams, and then those were independently frequency-doubled by two 500-m thick -barium borate (BBO) crystals. The two second-harmonic (SH) beams were again chirp-compensated for by two pairs of UV 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   7 isomers.
In the CW experiment, by the conventional method proposed by Zimmerman et.
al [12] , we also measured the quantum yield  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   8 an intermediate component of ~5 ps but no offset which was confirmed even at the delay time of 100 ps. This latter result corresponds to the positive decay with no offset component, reported in the 303-nm pump and 367-nm probe experiment for the T-Az solution, which has no ground-state absorption around at 367 nm [13] . The similar behaviors of the absorbance change were also reported for a trans 4-(dimethylamino)azobenzene (T-DMAAz) solution under the 400-nm pump ( 2 S T -band excitation), where as the probe wavelength changes from 400 to 500 nm towards no ground-state absorption, the amplitude of the negative offset becomes from non-zero to zero [14] .
To quantitatively understand the measured results of the transient absorbance [13, 16] are shown in Fig. 3 . We assume that the intermediate state in the π-π* excitation (360 nm pumping) is different from that in the n-π* excitation as well as the difference of the initial isomer. This is because the practical potential-energy barrier [17] from the different excited state S m i (i=1 or 2, m=T or C) to the isomerization pathway is different in each case, depending on the isomerization mechanisms such as rotation, inversion or concerted inversion processes [4] [5] [6] [7] 18] .   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 
where
, and the effective excitation probability
Moreover, we can obtain the corresponding 380-nm probe signal by putting the AA  because of no ground state absorption at 380 nm for both the isomers, as seen from Fig. 1 :
These equations well explain the experimental results, as follows: (i) Eq. (1)   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   10 predicts that the 350-nm signal has two decay components and the offset, while Eq. (6) predicts that 380-nm signal has only two decay components. These agree with the measured results which are shown in Fig. 2 . Therefore, the measured time constant 1 
)
Furthermore, (iv) Eqs. (2), (3), (4) and (7)   fs) reported in ref. [19] , which was measured from the fluorescence decay after femtosecond pulse pumping at 280 nm. This difference may be due to the fact that the T-AzD molecule is more planar than the T-Az molecule. The latter lifetime suggests that the C-isomer is yielded within about 6 ps after excitation by a 360-nm femtosecond pulse. These results give useful information for a coherent control experiment of T-to-C photoisomerization of AzD to decide a suitable delay time (longer than ~6 ps) of the 350-nm probe pulse after excitation by a 360-nm shaped pulse. We can also estimate the kinetic rate constant 2 
Discussion
Here we discuss the origin of the offset A 3 (in the following sections, we denote 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   14 should appear as the transient absorption during the ultrafast internal conversion relaxation. However, our experimental and analytical results (see Eq. (4) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 15 photoisomerization quantum yield , TC  is described by the following equation:
Since the left term is approximated by
It in the right term is approximated by
from Eqs. (2)~ (5) 
Here we assume that 2, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   16 the T-Az solution [12] . We confirmed that this result well agrees with the , TC  =0.097, which was independently measured at 360 nm by the widely employed CW-irradiation method for determination of photoisomerization quantum yield using the photostationary state. This agreement supports our assignment for the offset.
Conclusion
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Appendix A: Derivation of Equations (I)
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Appendix B: Derivation of Equations (II)
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